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ABSTRACT 


Behavior of thermal energy utilization for steam- 
flooding processes was observed experimentally in a water- 
saturated unconsolidated core. The core was a 6 in. by 6 ft. 
adiabatic linear circular model, with a permeability of 19 


darcies and a porosity of 42%. 


The variables which were studied were dip angle, 
injection rate, quality and pressure of steam, and the 


location of the injection port. 


Variation of the dip angle for the study was vertical 
downward to 40° upward in terms of the position of the 
injection port. Four different qualities of injecting steam 
were chosen, varying between 51 and 100% steam. The rate and 
pressure of steam injected ranged between 0.103 and 0.385 
lb/min and between 51 and 204 psia, respectively. Two 
locations of the injection port were selected; one at the 
centre of the injection plane, and the other at the bottom 


of the injection plane. 


Gravity override was pronounced for all the runs. The 
shape of the steam front was dependent on the injection 
rate, dip angle, and location of the injection port, but was 
not affected significantly by the injection pressure and 
quality of injected steam. That is, for the horizontal flow, 
in the cases of higher injection rate and lower injection 
port, the slope of steam front was steeper; consequently the 
hot water zone developed for these cases was Narrower than 
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for the cases of lower injection rate of steam and higher 


location of injection port. 


The growth of the steam zone was a linear function of 
the elapsed time for a fixed injection rate at a given 
injection pressure, and of the quality of steam. The steam 
zone size was principally determined by the amount of latent 
heat injected, but was not significantly dependent upon the 


injection pressure and the quality of steam. 
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INTRODUCTION 


Of all the heavy oil recovery methods, steamflooding 
has been one of the most attractive techniques in recent 
years. In order to design an efficient steamflood, it is 
necessary to understand how the properties of the crude oil, 
water and héekabenar vary with temperature and how these 
properties interact within the reservoir during 


steamflooding. 


Accurate information concerning how reservoir and fluid 
properties vary with temperature, and how they interact, is 
directly useful not only in the design and operation of a 
steamflood process, but also to test theoretical approaches 
to improve the method of prediction. In the early stage of 
bitumen recovery by steamflooding in some localities, steam 
is injected into the water bearing zone where, after 
injection of steam, only water and steam exist. To optimize 
the utilization of injected heat in the formation, it is 
necessary to understand the behavior of water and steam in 


the porous medium during steamflooding. 


The effect of dip angle on gravity override, and 
consequent effect on the growth of the steam zone are 
necessary information for proper design of the operation. It 
is also desirable to know the influence of the injection 
rate of steam, and the quality and pressure of steam to be 
injected for a given reservoir, to achieve the best 


performance. 
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In 1969, Baker! published experimental results of a 
heat flow study in steamflooding, with steam displacing 
water in a plane-radial system which consisted of productive 
interval sandwiched between an overburden and underburden. 
He ascertained that: 

{1) the heat loss to overburden and substratum was a 
function of time, but did not depend on injection 
rate; 

(2) a significant portion of the injected heat was 
contained in the hot water zone ahead of and 
underlying the steam zone, and the size of the hot 


water zone depended on injection rate; and 


(3) considerable gravity override was observed. 


Later he also presented the effects of injection 
pressure and rate on formation heating by steamflooding in 
the same model used in the earlier experiment.? Heat losses, 
vertical sweep efficiency, and steam zone volume were 
determined for steam displacing water at different rates and 
pressures. Once again he concluded that: 

(1) heat loss to overburden and substratun, as a 
percentage of the total injected, is almost solely a 
function of time for a given reservoir; 

(2) the volume of the steam zone was found to be a 


function of time and the dimensionless injection 
parameter, 


(3) vertical sweep efficiency depends mostly on injection 
rate - improving at higher rate - and has minimal 
dependence on pressure and time. 

The effect of pressure on the thermal energy 


utilization was implicitly expressed in the above 


dimensionless injection parameter term, indicating that the 
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main contribution to the heating process is due to the total 
thermal energy injected and is not attributed to the 


pressure itself. 


At the onset of this work, however, no experimental or 
theoretical information was available regarding the effect 
of dip angle and quality of steam injected on gravity 
override and steam zone growth during steamflooding 


processes. 


For this reason, it is desirable to investigate the 
influence of dip angle and various injection conditions of 
steam on gravity override, steam zone growth and shape of 
steam front during steamflooding processes. It is of course 
impossible to obtain all the information over the wide range 
of these parameters of interest; however, experimental data 
over a selected range of these factors are still useful not 
only in themselves but also as supporting information for 


the prediction of the effect of other factors. 


An adiabatic core was employed to investigate above 
mentioned phenomena for simplicity, since all the heat 
injected stays in the experimental porous medium. Even 
though flood patterns in most actual reservoirs are radial 
and non-adiabatic, after reaching steady state, the flow 
behavior becomes close to linear. Purthermore, the middle 
section of the flood is nearly adiabatic, since the 
surroundings are in thermal equilibrium with this central 


portion of the flood. 
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Consequently the aim of this work was: 


to construct equipment which is suitable for the 
study of recovery of heavy oil by steamflooding, 
steam-chemical flooding, or steam-solvent flooding; 


to observe gravity override, steam zone growth, shape 
of steam front and development of hot water zone in 
the water-saturated core for the various dip angles, 
injection qualities of steam, injection rates and 
injection pressures, and locations of injection port; 
and 


to make qualitative analyses of the results. 
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APPARATUS AND METHOD OF EXPERIMENT 


1. Description of Apparatus and Material Preparation 


The main part of the equipment consisted of a feed 
pump, a steam generator, an unconsolidated core chamber, a 
product manifold, a down stream flow control system, and 
temperature and pressure recorders. The subordinate parts 
were a water still, a feed-water tank, a weighing scale, a 
calibrated Pitot tube flow meter, heat exchangers, a steam 
dryer, a flow rate measuring device at down stream, and a 
high pressure Ruska pump as a cold water, chemical, or 
solvent injector. The schematic flow diagram is shown in 


Figure 1. 


The unconsolidated core chamber consisted of a steel 
pipe, 6.625 inches in outside diameter, and 71.5 inches in 
length. The core chamber had a 0.275-inch thick cement liner 
which reduced heat transfer between the inner material 
contained within the pipe, and the steel pipe itself. The 
production end cap was fabricated with 1/8-inch radial 
grooves to allow fluids to flow towards the central part of 
the production end. Additional insulation was composed of a 
2-inch layer of light carbonated commercial magnesia. Four- 
hundred-mesh stainless steel screens were placed at both 
injection and production ends to keep the unconsolidated 
sands in the chamber from being carried away by fluid flow. 
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Forty-one iron-constantan thermocouples were located along 
the core chamber to monitor temperature distribution at any 
time during the experiments. The detailed dimensions of the 
core chamber, and the location of the thermocouples are 


shown in Figures 2 and 3, respectively. 


Laboratory tap water was boiled ina water still and 
the vapor was condensed to obtain mineral free distilled 
water which was collected into a 25-gallon feed-water tank 
placed on a weighing scale. To remove the dissolved oxygen 
from the distilled water, nitrogen was forced through from 
the bottom of the tank for a few minutes. To ensure the 
complete removal of residual oxygen and the removal of 
incoming oxygen from the atmosphere, hydrazine was then 
added in the water tank, in excess of the amount needed to 
remove the oxygen dissolved in the water at atmospheric 


pressure. 


There are generally three methods of removing oxygen 
from process waters: by deaeration equipment, by chemical 
scavenging and a combination of these two methods.3 Chemical 
treatments are used very often since they are simpler. They 
are: 

catalyzed sodium sulphite, 
Na ancora 


2503+1/72 05 22943 


and hydrazine water solution, 
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Even though the use of hydrazine is more costly, it was used 
in this experiment because it does not leave any precipitate 


in the treated water. 


A 25-galion plastic container was furnished with a top 
lid and a floating cover, which prevents the distilled water 
in the feed tank from contact with the air above the water 


surface. 


Feed Pump 


To supply feed water into the steam generator a 
MilRoyal controlled-volume pump was installed. The pump 
(model A, MR7-55113 SM MilRoyal Simplex Frame A Pump) has a 
maximum discharge pressure of 850 psig, and a maximum 


discharge rate of 24 cc per second. 


An Ebcor steam generator (model No. 6-600-2) which has 
a maximum production capacity of 26 grams of 100% steam per 
second and is operable up to 600 psig, was used to produce 
steam. The generator is equipped with three electrodes which 
are immersed in the water of the boiler tank and was 
initially designed for the electrical energy input to be 
controlled by adjusting the water level in the tank fora 


fixed salinity. However, the fluctuation for a set pressure 
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was +12 psi which was too high when one desired to run at a 
low level of pressure. For that reason it was modified so 
that the electric current input was controlled by an on-off 
switch. This modification kept the pressure variation within 


+5 psi which was satisfactory for most of the experiments. 


Production Manifold 


Thirteen 1000-cc and ten one-gallon stainless steel 
Samplers were connected in parallel fashion to collect 
products at successive time intervals. Each sampler had two 
ball valves at its upper and lower ends in order to isolate 


it from the rest of the manifold system once it was filled. 


Production Rate Controlier 


a ——— ae we os 


In order to maintain a constant effluent rate of the 
products, a Foxboro flow rate controller was installed at 
the end of the manifold. The maximum allowable flow rates of 
this controller were 2.1 gallons per hour at 50 psid and 8 


gallons per hour at 400 psid. 


Injection Rate Measurement 


A calibrated Pitot tube flow meter was installed 
directly at the outlet of the steam generator to ensure that 
100 % steam passed through the flow meter. A _ 1/8-inch 
stainless steel tube of medium wall thickness was inserted 


concentrically into the 1/4-inch stainless steel tube line. 
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The differential pressure was monitored by a 25-psid 
pressure transducer and the resultant voltage drop due to 
the flow of steam was recorded on a strip chart recorder. 
The injection rate was indirectly controlled by regulating 
production rate. This was accomplished by observing the 
recorded output of the Pitot tube flow meter, and adjusting 


the flow rate accordingly. 


Steam Dryer 


The Pitot tube flow meter was followed by a steam dryer 
which generated superheated steam by heating further the 
steam produced from the steam generator. Steam could flow 
through a bypass arrangement when superheated steam was not 
required. The steam dryer consisted of a stainless steel 
coil 20 feet long, and a mercury switch which maintained a 
constant pressure in a little boiler containing saline water 
as an electrical conductor. The principle of the control was 
the same as the above-mentioned modified steam generator. 
Since the temperature of steam is a function of its 
saturation pressure, the setting of the pressure of the 
mercury Switch was dependent upon the temperature of 


superheated steam required. 


Temperature and Pressure Recorders 


Two Honeywell temperature recorders, each having 24 
terminals, were employed to record the temperature variation 


of each thermocouple by sampling each thermocouple every two 
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Minutes. The temperature error appeared to be + 20°F, 
including the thermocouple error. A Honeywell pressure 
recorder was used, together with a calibrated 1000-psig 
Heise bourdon tube gauge and six Cellesco pressure 
transducers, to monitor pressures at the steam generator and 
the injection port, as well as pressure drops across the 


whole core and between the inner ports. 


Steam Supply Line 


An 11-foot steam supply line consisted of 1/4-inch o.d. 
stainless steel tubing with a wall thickness of 0.035 inch. 
The tubing was sheathed with glass fibre pipe insulator, 
making the final diameter of the insulated line 2.5 inches 
thick. Aluminum foil surrounded the insulated line to 
further reduce the heat loss by radiation. Four iron- 
constantan thermocouples were located along the insulated 
steamline to measure the surface temperatures, in order that 


heat loss through the surface could be calculated. 


Sand from a well located in the Lloydminster oil field 
was treated by repeated soaking with tcluene and steam 
several times until the washing fluids were clean. After 
this treatment it was dried at 400° F for 24 hours. It was 
then sieved and only the fraction between 48 and 400 mesh 
was used for packing in the core chamber. The sand was 


packed in the core chamber and compacted by air vibrators 
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until no further compaction was detected. It usually took 
about 36 hours of vibration to achieve a complete 


compaction. The total sand charged was 108 lbs. 


orosity and Permeability of the Core 


Porosity of the core was determined by various methods: 
by Boyle's law (43 %)3 by the grain density method (40 4%); 
by measuring weights of a fixed amount of sand, first dry 
and then saturated with water, and coupling this information 
with measurement of the final volume of the water-saturated 
sand after compaction in the water (38 %)3 and by saturating 
the core with distilled water (42 %). The distilled-water 
saturation method proceeded thus: initially the core was 
evacuated and distilled water was imbibed into the core, and 
the amount of water charged was measured. Then more water 
was injected into the core by a high-pressure Ruska pump to 
around 200 psig and the pressure drop was observed. Doing 
this removed the free air in the porous medium by dissolving 
air into the water. The distilled water was injected by the 
pump until no further change of pressure was observed. The 
distilled water injected by the pump was normally between 
300 and 800 cc. This amount of water was added to the amount 
of water imbibed after evacuation. The total amount of water 
was converted into the volume which became the pore volume 


of the core. 


Permeability was measured according to Darcy's law by 


flowing air or water. The resultant permeabilities obtained 
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by the above-mentioned two different fluids were identical, 


and appeared to be 19 darcies. 


2. Procedure and Method of Experiment 


Prior to the injection of steam the core was set at a 
desired dip angle. The steam generator was set at the 
desired pressure, with the simultaneous starting of the feed 
pump which was responsible for maintaining a constant level 
of water in the steam generator. Saturated steam passed 
through the steam line and bypassed to the atmosphere until 
the steam generator and the feed pump reached a steady-state 


condition. 


After the stabilization of the steam feed system, the 
inlet valve to the core was slowly opened, and subsequently 
the core was pressurized to the pressure of the stean 
generator. Then the outlet regulating valve was set to 
achieve a desired effluent rate. The effluent was cooled by 
being passed through a condenser, and were conducted into 
the manifold which was initially charged with distilled 
water. The produced fluids purged the distilled water in the 
manifold by entering from the top of the sampler. The purged 
distilled water was collected in a calibrated measuring 
cylinder to indicate the total amount of effluent and to 
allow measurement of the flow rate of the effluent for a 
given time interval of interest. During the run the 
temperature of each thermocouple, the pressure of the steam 


supplied, and the pressure drops across the core and the 
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Pitot tube flow meter were recorded. 


Determination of Steam Quality at the Injection Port 


— a ——=<— 


Steam quality at the injection port was determined by 
the equation 
: ee eon 1 . & 
g Th hia 


where x = the steam quality at the injection port of 
the core, 


x = the steam quality at the discharge point 
J of the steam generator (=1.0), 


q = the heat loss rate from the steam line, 
h  Bta/shr/ft, 


1 = total length of the steam line, ft, 


q. = the average mass flow rate of stean, 
i.» Lbsyvbr, 


and L = the latent heat of the flowing steam at 
v the average pressure of the steam 
generator and the injection port of the 
core, Btu/lb. 

The heat loss to the surroundings is due to natural 
convection and radiation heat transfer mechanisms. The sum 
of these two heat transfer rates is the same as the 
conductive heat transfer rate through the steam line tube 
and its insulating sheathing. Matching these two factors 
with the aid of measured temperatures of steam and the 
temperature at the exterior surface of the insulation 
materials, one can estimate the heat loss rate at a given 
temperature of steam. The detailed method of the calculation 


may be obtained from Trujano, et al.*, and is reproduced in 


Appendix A. 
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As presented in Appendix A, the calculated steam 
quality was in good agreement with the steam quality 
measured by the calorimeter. All the steam qualities 
presented thereafter were calculated rather than 


experimental. 


easurement of Injection Rate of Steam 


The total mass of steam injected into the system could 
be measured by observing the change in weight of the water 
in the feed tank, or by a material balance over the total 
effluent, initial water amount in the core, and water 
required to refill the core after the run. The total amounts 
of produced steam calculated by the above mentioned two 
methods agreed within 5 4%. The total amount of stean 
produced was divided by the total time elapsed for the run 
to give the average injection rate of steam. The 
instantaneous steam injection rate could be determined by 
the change of water in the feed tank for a given time 
interval of interest, and the accurate instantaneous steam 
production rate could be obtained from the measurement of 


the calibrated Pitot tube flow meter. 


The measurement of input power rate, together with 
knowledge of the heat loss through the surface of the stean 
generator to the surroundings, gives the net electrical 
energy input due to the steam generation. This information, 
coupled with knowledge of the condition of the steam 


produced and total time elapsed, enabled the calculation of 
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the average production rate of steam, and the total steam 


produced. 


The above-mentioned four independent methods for 
measuring the amount of steam generated and the average 
injection rate of steam were in good agreement with one 
another. The detailed calculation methods and comparison are 


presented in Appendix 8B. 


Steam Quality Control 


The steam injected might be either superheated stean, 
steam of various levels of quality, or hot water (zero 
quality steam). To generate superheated steam, the steam was 
passed through the steam dryer. In the case when a lower 
quality of steam was reguired, cold water at the same 
pressure as steam was injected at a known rate by a Ruska 
pump. The quality of the steam after such blending was 
determined by taking material and energy balances based on 
knowledge of the individual rates, temperatures, and 


pressures involved in the injection process. 


Longitudinal Heat Transfer Rate through Core Chamber 


The temperatures at the inner-wall of the core (Nos. 
23, 24, etc., in Figure 3) were always higher in several 
degrees than those at the outer-wall of the core {Nos. 31, 
32, etc., in Figure 3) at the same longitudinal distance 


from the injection port during a steamflooding process. This 
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indicates the fact that heat transfer through the thin pipe 
wall of the core chamber was not significant when compared 
with the convectional heat transfer in the porous medium due 


to the fluid flow. 
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EXPERIMENTAL RESULTS AND DISCUSSION 


To investigate the influence of dip angle, injection 
rate , injection quality, injection pressure and location of 
injection port on the growth of the steam zone, the shape of 
the steam front and the development of the hot water zone, a 
total of fifty-one runs were conducted by injecting steam 
into the distilled water-saturated core. Table I summarizes 
the various operating conditions utilized in this work. The 
differences between this experiment and Baker'si'2 works are 


shown in Table II. 


1. Vertical Downward Flood (One Dimensional Flow) 


To ensure one dimensional flow, the first eleven runs 
were conducted under the condition of vertical downward 


injection. 


i) Effect of Injection Rate on the Growth of Steam Zone 


Figure 4 shows the experimental results of one 
dimensional flow for the various injection rates 
ranging between 0.107 and 0.252 1b of steam per minute 
at around 95 psia and 99 % steam quality. The 
horizontal lines indicate the position of the steam 


front at specified times after injection. 


Except for the first time interval in each fCun, 
the steam front travelled equal distances in equal 
time intervals. The relatively short distance 


20 


juiee diaet ue ey Baby 
». noi oti ee 


ae “7 one Pal 


wv s0 not de00k a o10% 


* an eqede od? ones ‘poetn wilt do 


6 ,onoR t9t8W tod odd Yo. taongok 
npote prisoot ak td ‘hosoubaos orew § 1 
aesitsamp2 1 olds? .9102 botsawd ; 
od? .t1ow etdy ol hes il ksu + waka a 


brewawoh, Kno teste to not+kbaoD 283s, s9ba0- Bapnebites, ple a 

Rociaiaes "i 

snoS abot] Yo two odd no ot68 noi sot at 10 sot ae a 

7 ¢ \ ion 

ano % e2tiveer ietaontzeqxa od avods, a eawplt Le a 7 ri : 

retest no tspet ad @vo 16) odd ‘203 vol? Kesoken ants : Da ? im 
atvain 3sq ns0te to di s28.0 bas Tor 0 sooutod. ene ius he 
ody «SE fon, asose F ee bas pies ae ‘Savors “ts ; ay - 


msete oft 20 nobsiaoq odd “oteonbat Beak eer : 


Zi 


NAG 
NMU 
NAG 
NMG 
NAO 
NA 
Nev 
NAG 
NMU 
NAC 
NMU 
NAC 
NMG 
NMG 
N4G 
Nad 
NAU 
NAQ 
NMU 
NAG 
NMG 
NMU 
NAQ 
NAG 
NMU 
NAG 
NAG 
NMG 
NMG 
NMG 
NAG 
NMG 
NMG 
LN3D 
IND 
iNd 
ind 
ind 
ind 
ind 
IND 
IND 
ind 
iN9 
ind 
Ind 
iND 
ind 
iN3 
ind 
ind 


NOT 1V901 
x PN! 


0°002 
O°ost 
Q°OS 
O° oot 
O°uOT 
0° 00T 
0° OOT 
O° OUT 
0°O0T 
0° O00T 
0°O0tT 
O°00T 
O°o0T 
ROO 
o°oot 
O° O00OT 
0°OOT 
O°O0T 
0°Q0T 
0°OOT 
0°oOot 
Q°OoT 
0°O0T 
O°udt 
0°GOT 
0°O0T 
0°OOT 
O°OosT 
0°OS 
0°O0T 
0°O0T 
x0) {Oey 
0°v0T 
0°002 
O°OsT 
O°O0€ 
S) SONS 
O°OE 
O°OE 
0°O0€ 
ORCS 
O°OE 
0°O€ 
O°O€ 
0°O€ 
O°0€ 
O°0€E 
0°O0€ 
0°0€ 
O°O0E 
0°OE 
(VISd) 
SSaud 
°LINI 


und 3ly y4noyuSnoryA paSsersae + 


O°SL 
O°SL 
O°S) 
O'S 
O°8e 
O°SL 
O*hE 
O*SL 
O°B8L 
O°LL 
O°SL 
o°9L 
ay 
O°9oL 
O°sL 
O°LL 
0°92 
O°SL 
oroy 
OUI 
0°92 
Orel 
O°8L 
O°9L 
Oo ke 
OT LL 
oi) 
O°9L 
o°9oL 
0°92 
O°Le 
O°O0L 
0°92 
O°SL 
O°sd 
O°SL 
O°SL 
O°SL 
O°sL 
O°SL 
O°9L 
0°92 
O°9L 
O°>L 
OtvL 
O*SL 
0°02 
OFZE 
Orv 
O°9L 
o°ze 
(4) 
dwt 
*LINI 


3YOD AILVYNLVS—YALVM OLNE ONT GOOIWWYILS JO 


ONE Ie 
BeBe? 
(Sy a] 
CORES. 
LOE 
{BSCE 
BiG? 
CLAS 
en°e 
SE °6 
LES? 
sT°e 
Bx7°E 
co € 
ere 
ve OT 
CSS iit 
cS °6 
is°8 
L9°°9 
Ou S 
Serv 
eee sr 
heed & 
O02°9 
SOS 
S66 
AE 
Sce°s 
€T°6 
€Ga°9 
de 7 € 
vas 
06°T 
02°O 
OE °T 
Og 7: 
00°2@ 
OE°T 
00° 0 
2T°e 
O7°€ 
8O0°E 
(Mee 
82°? 
€B°? 
S2°4 
LGGE 
(SS 
LS°€ 
Loe 
(GISd) 
SSdad 
sig 


Chere 
G67 2 
bid 
BEOe 
64° € 
Sees 
cHrs 
GUIEC 
gn’°E 
60°€ 
T6°2 
O6-2e 
eG 
TR °?4 
OS° 
Sve 
OGY 
LS °% 
LS°4 
TR°4 
19°94 
80° 
pneueny, 
L6°€ 
8°44 
66°E 
2o°2 
09°2 
One 
2S °4 
19° 
Tees 
89°44 
T1°s 
O92 
41°T 
eL°+ 
TR°*Y 
T7°47 
BL 
BL°% 
96° 
€2°S 
BS °S 
02°S 
46° 
Ov’ 
0S °4 
6S°4 
2L° 
16°49 
(179) 
°qaOud 
VWwLoL 


4% 


ILS. Ce 
7’? 
Cot 
66°? 
Tez 
Tee 
OR SY 
ROT 
Eeone 
test 
OEE 
Fe? 
QS? 
EPS 
€4°? 
Lt & 
78° 
Z6°T 
06°T 
lee 
80°? 
67°72 
GG°2 
60°? 
6°? 
DES 
96°T 
91°? 
TS°t 
€s°l 
20°? 
6£°? 
geB°2 
TT°€ 
LOS 
[bes 1 
L0°2? 
Ler’ 
947°e 
Gre 
80°? 
EKararA 
8S°2 
TO°E 
9%°2 
9T°? 
99°T 
Le°T 
os°t 
g6°T 
C27? 


(19) 


(qx0d uotTQS58fuT MOT) UMP 


os°ett 
OF Fatt 
02°08 
OL O72 
09° OrT 
09°sst 
SaOvic 
Ce EY 
Ov°stt 
OT°6E 
O7°OZI 
Oyv°stt 
OSS ek 
06°ELT 
o9°¢e9t 
Oo8°9oL 
O6°LL 
00°20 
OT*zot 
os°*2Ztt 
07° 60T 
09°S6 
o2°zot 
QG° 4S 
OS°LiL 
Oe" Eevl 
Oos*t9 
OB8°vO9 
00°64 
00°29 
0S°0O8 
os*2ttl 
09°sg9T 
oe°stit 
07°09 
07°O” 
07°79 
09°28 
OE °2zol 
OE’ vETl 
os°ottl 
OE’ vtl 
oE°e2t 
09°62t 
09°0Oct 
oo°stt 
O7°cOl 
00°29 
00°6L 
OT*60T 
os*2zLt 


(NIW) 


OZH°F NI JWIL NNY 


WiOl 
¥*e 


I 


Wiol 


uOTFITPUCD 


4>o6T°O 
S4702°O 
OWe. 40) 
Ppl “0 
T202°9O 
S25T°N 
O631°O 
689€°O 
TELS 
9653°0 
8102°0 
$712°O 
6620-0 
60:2:2°0 
G6Z27°0 
9€9 '7°O 
£723%°O 
99S€°O 
Z9SE°O 
69S€°0O 
49SGE°O 
T9GE°O 
g9ce°o 
T#09°O 
S7z847°O 
72€2°O 
9SSE°0 
OLSE°9 
BLSE°O 
9809°0 
278° O 
CESE =O 
6S€c°O 
20¢S¢°O 
bOS¢°O 
96°€°O 
€ets’o 
298+°O 
66C€°O 
oce2z°o 
TO09€°O 
€z29CE°O 
OLSE°O 
96S€°O 
TO9IE°O 
48S€°O 
T6sEe°dO 
4909°0O 
2€S87°0O 
Z19E°0 
41€¢°O 
(W/d1) 
diva 

°dOdd 


Seiad Vea 


WOOT Fe ix 


ORF ESO 0s 0) 
CON OU 
SHEE SO) Te 
SeEOTs Oo) OG 
SITE 0:70 
CSI 0 070 
POSE LOE: 
E78 20) a 100 
OL9T*O O°O 
*9B8E°O O0°0 
G6ST°O 0°04 
@SST°O O°UE 
VEST “0 070 
GOI SOs S 
LOWPASS 19S 


SiS Ge Ome Oe = 
OSE Om Om Sa7— 
Sha OOS G7 = 
tet 20) Os Oe 
OTST Os O20g= 
ESSL IO. 050 T= 
(Sa TA 1D) OE 
ZEO? SO Ones 
Toze*o O°oT 
RS CeO) Owe OE 
4o9T°O 8 O°oT 
OSS CeO" O07 OT 
9962°0 
CESSES 
79%2°0 
7602°0 
SLLT°O 
2S4T°O 
S612°0 
BLL2°O 
S29Z°0 
SINE (8) 
Seec 0 
g00¢°O 
eLSsT°O 
L9ST°O 
S99T°O 0°06- 
Lost ZO) O06 
6€6T°O 0°06- 
COLO — OS 06= 
89ST°O O° 06= 
CASE MO SU OlSIE 
O02S2°O0 0°06- 
e06Tt*O O0°06- 
STST°O 0°06- 
€LOTt°oO 0°06- 
(Ww/@t) (930) 
Jivy 3 19NV 
“NI gid 


eeoco0oeo0 f90o0cCo0°Ce 
oe 
cocoooocoococ 


® 

Cc 

oO 
4 


(az0d vor zoeCut 313u99)Q4U> x 


@°€6 
T* 46 
8°Ll6 
9°L6 
S°eL 
9° 9 
LOS 
8°66 
0°66 
0° OOT 
8°86 
8° 86 
6°86 
7 86 
Le Si6 
2°66 
2-66 
L°86 
9°86 
0° 66 
6°86 
9°66 
S°66 
O°ooT 
8°66 
6° 86 
B°66 
0° OOT 
8°86 
9°66 
7°66 
0°66 
9°86 
$° 66 
0°O00oTt 
L° 86 
1°66 
S°66 
2°66 
1° 86 
8°78 
Q°08 
$°69 
9° 98S 
6°86 
6° 86 
GS°16 
S°66 
T° 66 
*L° 86 
2°16 


{°JY¥sd) 


ALI VVNO 


wvals 


S*tOt 
S°oo! 
o°2ot 
6°O0T 
€° tot 
9°O0T 
70, OT 
8° OGT 
L°Oot 
£°oot 
€°86 
(SAILS 
OTE 
e°ect 
+°O7T 
ZIM 
L°ttt 
€°otl 
T°sotT 
s*ost 
B°9S 
€°tor 
9°+0T 
T°86 
7°O0T 
9° 802 
L°64T 
2°64 
6°86 
8° 96 
47°06 
6° 96 
0°66 
%°66 
0°66 
9°86 
6°S6T 
9°97T 
GES 
€°8s 
TS S6 
L° 86 
S°S6é 


SE 
91 


Gils 


SL 
ste 


(VISd) 
SSiud 
ONT 


SNOT LIGNOD IWINSW IT d3adX3 ‘ 


92 ONT 
€2 ONY 
Ce SAY 
RESON 
O2 OV 
6t ONV 
BI DV 
LT ONAN 
9T ONVv 
st 9nNV 
49T ONV 
€t ONY 
et O09 
It yfiv 
oT Ynyv 
60 OV 
80 OfiV 
40 9NYV 
90 ONV 
gO 9NV 
70 ONV 
€0 9fiVv 
ZO O1IV 
TORS My 
Te We 
oe wit 
62 Ue 
82 Wie 
ze ine 
92 WIE 
s2°1nf 
72 Ne 
€2 inf 
Te ans 
Oot inf 
60 10f 
60 Nt 
40 WAL 
90 1nf 
so Wel 
€0 WF 
ZO Wher 
oe NAL 
62 NN 
g2 NAS 
92 NAL 
s@ NA 
€2 NOS 
T2 nner 
ZT NF 
60 NAT 
ALVG 


qacd uotqzoelut eyQ uo peseq , 


TS 
Os 
64 
847 
LY 
94 
S¥ 
247 
€% 
27 
Ty 
0% 
6€ 
BE 
LE 
9E 


AMAT NOr OD 


*ON 
NNY 


=" 


to"? 


ay 
i ae 
D eo ¢ “ Pea fia 


e pit 


a = 


pop aay: 


« 


oe 4 esi 


» oe 
ee @ ow 


A eat 1 oe 4 


oe 
“AR apake 


me Ms 
ee ee 


SiatnhaPhe 


= - 
wie 


a2 


(untpew snozod sy 3 Fo 

wozROq pue erRUaD) 310d uoTqZ OeCUT JO UOTReESOT 
(dtp umop _06 03 dtp dn 90?) eTbue dtd (Tequoztioy) eTbue dtq PetpnySs 

( 0OT-0S) ARTTenb weseqs (2 OGL) EAT ETeNb-uesis.| St°7eueled 

(6tsd Qoz-O7) eansseazd uoTtTRoelul | (6tsd ¢OT-1I) seansseid uoTtjzoelCul 

(uTW/AT L8€°O-€0T°0) ezer° uoTIOeLUT (UTW/AT T9°T-80°0) e322 uoTIOSeLCUT 


(Aed oyu Anoybnoryy 
pejerogazed) qaod uotqzoaelulr 
fe) 


setorep 6—T AAtTTTqeourtsg setozep oot ATT TqQeeuted 
& @P ARTSO1L0d % SE AR TSOIOd 
(pues peqearnjzes-27939eM LZ) uotzdtazssep 
(uoTzeTNsutT etTsseubew TeTOTSuuoo wy eo tae Ge COW uepanqzepun pue uspazangz~sao Tepow 
yzbuetT ySG°TL X AezeUeTP 19 qyhtey Pp ¥ zezOWeTP CL 
aTbue dip FO UOTIeETAPA YQTM AZBTNOATO AeP9UTT TequoztTz0y - suetd Tetpey 


powtojzegq suoTATpPuoD Tejusutzedxq JO uosTreduoDd 


Il ATaVL 


= cart am 
salsa insats Tesasolvegea is woatesono. 


. “wate 
basnon bred - onefia ! 
tiigied “L.> sacame tse 
Rebratiehray bas pee ¥¢ 

=  #bree aan 7 > iri aos 


rh 


aeisanp tt 1 ek Soumet | 


—_ — a ~eraclam ae 


“eat Eee. ostat-o: s95s_a0ts satet fot eee ee ip isaurki 
= = Aphis boS-084 oso ecifgste? | . seq 20T<2) sxpeserq noljsotal + ad 
.. ion 2. A {# MBI—O2} wei leap Kites Cae . (* OGL} yaalsup aset2 oa 
: a ao Serod O€ of Gis au “487 ~fese gia] - {leinorzse%) #fpne gid 
~) meoeaed. Set etneeh 2x0e motIos. “ai do vaksaaod | Satsictisg) 215q aoisostnk 
—— a ‘oer Bene RUOIDS ers 30 


an 7 <_ 
— wa = eg ato Cie Pr —— 


- - i 


(yeq Sat rants 


Fraction of Core 


On362 


q 70.237 lb/m 
Run 1 Run 2 Run 3 


0.485 


Vertical Downward Injection 


Injection Pressure of Steam; ono La 
Injecting Quality of Steam: 9OF s 
Figure 4 


Injection Rate vs. Growth of Steam Zone (One Dimensional) 
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travelled during the first time period as compared to 
the others was due to heat lost to the flange of the 
core. This suggests that the steam zone growth is a 
linear function of the elapsed time for any injection 


rate when the other conditions remain constant. 


Figure 5 shows the general temperature profile of 
typical one dimensional flow. The sharpness of the 
temperature profile suggests that the hot water zone 


developed was not significant in size. 


Furthermore, as shown in Figure 6, the fraction 
of core occupied by steam is directly proportional to 
the injection rate when a fixed time interval was 
considered (62 minutes of injection of each run; see 
Figure 4). Also, a linear relationship between the 
injection and production rates, as shown in Figure 7, 
was observed at a constant injection pressure and 


quality of stean. 


All the above results indicated that the model 
exhibited adiabatic behavior under all operating 
conditions and that the average steam quality in the 


steam zone was about the same. 


Effect of Injection Pressure on the Growth of Steam 
Zone 


Four different pressures were selected to study 


the effect of injection pressure on steam zone growth, 
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Figure 3 


Temperature Distribution Along the Centre 
of the Core for the One Dimensional Flow 
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Figure 6 


Injection Rate vs. Fraction of Core Occupied by Steam 


after 62 minutes of Injection 
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Injection Rate vs. Production Rate For One Dimensioral Flow 
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ic<e., at 57.6, 98.7, 146.6,. and 195.6 psia. Figure 8 
Shows the steam zone growth with time after steam 
injection, for the indicated injection conditions. It 
may be noted from Figure 8 that, even though the 
injection rate and pressure were lower on some runs, 
the break-through time by steam was earlier than for 
the case of higher injection rate and pressure. 
However, if one compares the amount of heat utilized 
by steam condensation to increase the temperature by 
one degree, the results are same; i.e., 

(q,) (time to reach 0.5 of core length) (x) (L,)/{(T,-T,) 

= 27.5 + 1.0 Btu/F (=constant) 

for all different pressures. This product is 
equivalent to the heat capacity of the first half of 
the core. This confirms that the model behaved 
adiabatically. Since at a higher steam pressure the 
corresponding saturation temperature is higher, 
therefore the temperature gradient between the core 
and its surroundings is greater, and the heat loss is 
expected to be higher, if the heat loss from the model 


core is significant. 


Effect of Injection Quality on Steam Zone Growth 


Runs 8 through 11, together with Run 2, show the 
performances of the growth of steam zone for the 
different injection qualities of steam. The results 


are shown in Figure 9. Here again, 
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oO a to reach 0.5 of core length) (x) (L ) 
oe 
= 66,500 + 1,500 Btu (=constant) 
except for the 99% steam-quality case where the 


product was 73,000 Btu. 


In conclusion, for ideal one-dimensional flows of 
steamflooding processes, the size of the steam zone is 
determined by the total amount latent heat injected during a 


given time interval. 


2. Horizontal Flood (Two Dimensional Flow) 


Since most reservoirs are horizontal or nearly so, it 
is necessary to understand the behavior of horizontal 


flooding. 


i) E8ffect of Injection Rate on Growth of Steam Zone 


Figures 10 and 11 show the general effect of 
injection rate on the growth of the steam zone for the 
horizontal flood cases: the former for the centre 
injection port, the the latter for the lower injection 
port. As expected, as the injection rate increases, 
the volumetric sweep efficiency by steam improves. 
Figure 12 is presented to compare the temperature 
distribution after a constant mass of 15.3 lbs of 
steam had been injected under varying injection rates. 
Once again as the injection rate increases, the 


volumetric sweep efficiency tends to improve. The 
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Temperature Distribution After 15.3 lbs of 
Steam was injected at Various Injection Rates 
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circular cross-sections illustrated in the figure show 
the temperature distribution across the mid-section 
plane of the core, normal to the direction of the 


injection flow.. 


Effect of Injection Pressure on Growth of Steam Zone 


The effect of the injection pressure on the over- 
all temperature distribution and the steam zone is 
illustrated in Figure 13. These results tend to 
support the contention that, within the pressure range 
studied, pressure has relatively little effect on the 
Over-all temperature distribution and the steam zone 


developed during the steamflood process. 


Effect of Injection Quality of Steam on Temperature 
Distribution 

Figure 14 illustrates the effect on the over-all 
temperature distribution of injecting 10 lbs of steam 
with varying steam qualities. As indicated, the over- 
all efficiency of the steam displacement process 
increases as the guality of steam increases. Figure 15 
further illustrates the effect of varying the steam 
quality. It shows the over-all performance of the 
system after a total of 8,880 Btu of latent heat had 
been injected into the core. The results indicate that 
there is no significant difference in the over-all 


performance after injection of a fixed amount of 


cng |< Pa 
Nghe mas ak 4.) 
7 V9 7 ra a , 
= 0 mh Ne 


Posh 


r Pra 


voda obiie oa a 
#05 t99e8~b iw oat 220198 | aitted ut eT 
oft 0 no bine tb ae ot “teet00 92109 


arok meove ae Awox9 ao ‘sweeett 


-jovo edt m0 eweeorq waseees 208s | 5A ‘9 
ai enor anode oat bas po taecissane - 
of haet es leges weed? seh ‘erwp it a , 
apne s1vese7q out atdtiv sted? sot sned noo ond 


eit ao ‘tostie oLgsit Woviteten, aed : 


nos neote ve ‘Bas mo idud ba: h epede - 
2290070 th aii 2 + een Decotenet > ae 
F, : fig! vi 
atytateqaetT fo msete To ythisud, nuns " "Sailae a? ae 


ee 


Its-tave #dt fo, toei?e od2 eetesteu tli of omipit ‘adore 
neete te edk Of paissotat 10 noitudiatai elussteqnos | 
“-teavo oft ,betsaibai 2A <2oitit oun N6OFB pakgrev dtiw— 
BeSsDetq saoneaaiqeth ono 38 sat to youeiok? te iis 
ef atest -2oengtoni asete to ytileup oat as enesorad 
mn pote ad + paiytsv to toalte ode eetettan tit sod tad . 
‘edt %o somsmt0i eq - Eis-t0evo odd aworte 2a “ere Loup an 
bed d8od tootel io ote oe .8 to intos 6 19t%6 soseye is 
tedd oteokbnt eilveer od? 9109 odd nek hosoot ak sood 
tt -zeve edt af sagenennee “sasokd apie, on et me > 
to tnvoms hext? 6 bil “ok seta 19t26. 


( ‘all Ue) 


36 


— €T5/s— 
TWAS SYNSS3Yd GILVIIGNI 
LY NOTLOSCNT WV3LS aaLvan.ys JO WS'9 Y3LZV NOILNEINLSIQ SYNLVYZdW3L 


(Wvals) 
Je00I- ont] do O81-O0If:27] Je O92- oa] nore-0e 4oSBE-SLE 88) visd bOzed 
| a Uw 
Cabo civeni Jiod weer 
ulw/q] Sa ae 
Se NNY) coro. > : a ee Se = ee WSs a “LZ : 
aoe SEZ ZZ DPE ZEEE 4 
. (WVv21S) 
(  de00!-02[ | de O8!-001[%] 40 O92-O8IFF7 40 ore-o92PF 1. 82¢-ore pad WISd @Sled 
uIW a} 
LPT arate 
ui a 
(OS NNY) sozo. [EF 
(W318) 
Ren de O8!-O0I[%"] Je 09Z-O8If 7] 4028-0977] 4.088-028 vise 66-0 
ulw/q} Zi ulw/Q] 
(21 NY) sezo~ ESA 2sro 


uwsd 
(6% NNY) ozzo KE 


= == ja =o : 


=f 7 


P is : 7 7 “me a a * eae wate ae cron : 


ee a oe " 


SS aces 


ar Sr 


a7 


—+$T 19) a> Mees 
ALINVAD WVELS G3LVDIGN! CONV 
ViSd OO] LV WVSLS 40 90] 2O NOILOZSIN YSlsV¥ NOILAERLSIC SYCIVHSdINSL 


é 


; oe (asl . 
|] 4o082-021E=] 2.0z2-0seF s.c22-02e RY 
% 6G =X 


wii 


(ZINE) “gea gS es 


uwyqy_ Ps 
(LENNY). Jogos lee 


Sl 


ena "£910 


(9M NAY) ogres TPL 


‘ai - — UNu/q] 


CNiege oat eiet a .- FT aoe eS ee, 
ull /q] Peaks fos eee te eho ae ey 2910 


(Sb NNY) 68/0 meals CORRS aa ares a eee we “3 ae i: os ue a eres 2 SO Pree ear aa aes ae As 


i 
4 
| 
; hs 
' y oe 
et < 
ss ‘ iy 
' we ‘i 
> hh 
ct 
o> 
a 
- . a ite 
. ay 
ig 
oe, * bo 
eee 
» a - a 
a " 
Sy, te 
> «eA 
= a 
£9. ke 
Sih 
od 
4 = 


oe ee ee eo 


ie 


_ 


~ 


ee 


cee 
> 


TNE alte, Orme 
ae 


ee 


: nl 
as 


38 


B67 us— 
ALIMVND WV3LS G2LVSIGNI GNV ViSd OO! 1V IV3H 
AN3LV1 30 N1G O88'8 4O NOILOSPN! YSLSV NOILNEINLSIO SYNLVYeadN3L 


(WVALS), 


4006-02[" | se 02i-06[3:] Jo OG2-o2if=| 4 Oze-OSt7A 40 SEC-O2E} 


(ulw 79) WY¥3ZL1S 40 GO! %6G=xX 


uw gi — —— aes wn, s re < ae i 7 te. - : ee : . = . : oe Lees a : : > Oi RS SN UIW/at 
a 


Ey ae a ee eS NR RecN SRE wl eee Oe oe oe 
LLLP LLL LE CA TIE LL eg ADL IT PL APL PP Za SE x ee KL LES oY SKK Seg 


(UluG2) WVSLS SO AGZl %ZSL=X 
TPS PES paupeice Moy ie Sans ees eva arsele ase ieaa 65 ye) 
Ulw/q] 

(2b NNY) 102°0~ pe. 


cobeals ie clu = oGl % pee oe 


ulw/q] 
(9b NNY) ser os | 


(oe Serene A uIwai 
ee ee ee ee a ee 
ee rei i ee ee ee ae - Zs 


68l0 : ee Sissies SaaS _—— Le agli o ted LE = ev 


(UIWO) WW3LS JO dvs! %IS=xX 


yy 


P¥ievis 


Md ol 


p 


o san 


tam 
= 
“ 


Bu: 


© 


are 


7 


“we 


Vv 
naz 
> SP a e 


Eve Gi 
airh-bi 
il eo 
=~ 2%" 


, 


oath 


eo 
h30- 
ei Gk SLOW 


B | Af | 

“a f 4 Le 
ae ; Lie 2 at 
ve TS inv * gle 
aed Fs 


irae 
+0 Fin? 
nic Ves 


Lares: 
_ 


Besse 


eo fy 


2306 S2tY Yua 
© 


ie! 
Le 


\ 


iv) 


39 


latent heat into the porous medium, regardless of 


differences in steam quality. 


Effect of Location of Injection Port on Angle of Steam 
Front and Volumetric Sweep Efficiency 

The vertical location of the steam-injection 
interval affects recovery considerably. Coats®> showed, 
from the results of his numerical simulator, that for 
a thin formation, oil recovery did not depend on the 
location of the injection interval. For a thick 
formation, however, recovery was considerably 
accelerated and increased as a consequence of lowering 


the injection port to the bottom of the interval. 


Two locations of the injection port were selected 
to observe the effect of the port location on heat 
dispersion behavior during a steamflood: one at the 
centre of the injection plane, and the other at the 
bottom of the injection plane. The performances were 
illustrated in Figure 10 for the centre injection port 
and in Figure 11 for the low injection port, 
respectively. Figure 16 summarizes the effects of 
injection rate and location of the injection port on 
the angle of the steam front from the horizon. The 
angle of the steam front was measured from Figures 10 
and 11. As presented in Figure 16, the angle of the 
steam front is always higher for the case of the 


bottom injection port at a constant injection rate. 
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Effects of Injection Rate and Location of Injection 
Port on Angle of Steam Front from Horizon 


4 


Also, a injection rate increases, the angle of the 


steam front becomes steeper for both cases. 


Figure 17 presents the effects of injection rate 
and location of the injection port on the total steam 
required to heat the core to steam temperature. The 
total steam required was obtained from Figures 10 and 
11 by multiplying the rate of injection by the time to 
breakthrough of steam. For Runs 12 and 13 the core was 
not flooded by the injected steam at the time of 
breakthrough; rather, only 67% and 90%, respectively, 
of the porous medium was occupied by steam. For 
comparison on the same basis, the amount steam 
injected into the core up to steam breakthrough was 
divided by the fraction occupied by steam: i.e@., 21 
15/0.67 fori Runa: Zz, and 20.5 ib/9.3 for Run $3... Por 
Run 48 in Figure 11, the same procedures apply for the 
same reason: i.e., 25 1b/0.5. As seen in Figure 17, 
the total steam required for the centre injection port 
position was always more than that required for the 
bottom injection port, for the same injection rate. 
Also, for a fixed location of the injection port, as 
the injection rate increases, the total steam required 
decreases and converges to around 15 lbs at 100 psia 
and 99% steam quality. This latter value is the 
minimum steam required to flood the entire core with 


steam, under the conditions of this experiment. 
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Figure 17 


Effects of Injection Rate and Location of Injection 
Port on Total Steam Requirement to Heat the Entire 
Core up to the Steam Temperature 
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3. Effect of Dip Angle on Steam Zone Growth and Temperature 
Distribution 
To study the behavior of steam zone growth and 
temperature distribution for the different dip angles, steam 
was injected at various dip angles from vertical downward to 
40° upward at a pressure of about 100 psia, and a steam 


quality of about 99 &%. 


Figures 18A and 18B illustrate the effect of dip angle 
on steam zone growth. The injection rate of steam was held 
to approximately 0.16 lb/min. As expected, as the system 
becomes more horizontal, the volumetric sweep efficiency of 
the steam decreases. As the inclination changes further, 
very severe steam channelling occurs along the top of the 
porous medium, particularly in the cases when the angle of 


dip was 20° or more. 


In Figures 19A and 19B it can be seen that, on the 
basis of the temperature distribution ater 37 minutes of 
steam injection, the displacement efficiency of steam is 
more favorable for the down dip displacement cases, and 
gradually decreases in efficiency as the angle changes from 
a downward to an upward dip. Most of the injected heat tends 
to remain in the steam zone in the case of down-dip floods, 
whereas there is a significant amount of heat stored in the 
water zones in the case of up-dip floods. Here again the 
Circular cross-sections illustrated in the figures show the 
temperature distribution across the mid-section plane of the 


core normal to the direction of the injection flow. 
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INJECTION CONDITION 

Injection Rate: 0.133- 0.168 ib/min 
Inj. Steam Quality: 98% and up : Bee a te 
Inj. Steam Press: 100-125 psia a 


CORE PROPERTLY, 


Porosity 142% 
Permeability : 19 darcies 
Initial Water Sat.:1!00% 
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Figure 1ga EFFECT OF DIP ANGLE ON 
STEAM ZONE GROWTH | 
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—+ 0.235 (Run 12) 
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is 233(Run 26) 
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Ocoee (Run 4)) 


Injection Condition 
Injection Rate :O0.133-O0.681b/min. 
Inj. Steam Quality: 98 % and up ~ 
Inj. Steam Press | 100-125 psia 
Core Property 


Porosity !42% 
Permeability ‘19 darcies 
X Initial Water Sat. :lOO% 
0.160 FIGURE 18B 
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Figure 19a 
TEMPERATURE DISTRIBUTION AFTER 


37MIN. OF STEAMFLOOD INTO WATER 
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Figures 20 through 24 present another view of the 
temperature profiles at the injection port (#30), the centre 
of the middle of the core (#19), the upper end of the core 
(#23), and the outlet of the core (#33) for the various 
angles of dip. These figures present the temperature 
profiles relating to the 45° downward, horizontal, 10° 
degree upward, 30° upward, and 40° upward dip angles, 
respectively, injecting steam at a pressure of 100 psia, a 
steam quality of close to 100%, and an injection rate of 


approximately 0.16 ib of steam per minute. 


AS shown in Figure 20, the temperature profile measured 
at thermocouples #19, #23, and #33 as a function of time are 
very steep, which indicates that the water zone developed 
was not significant in size for this particular case. For 
the horizontal flood, however, as shown in Figure 21, the 
temperature profiles measured at thermocouples #19 and #33 
tend to become less steep, indicating that the hot water 
zone developed was sizable. It is interesting to note that 
as the system becomes more inclined for the up-dip floods, 
the temperature profile shows a somewhat zigzag behavior, 
which supports the fact that the steam zone developed during 
the early stages of the steamflood was replaced by hot water 
which was developed by condensation of the steam and/or 
gravity segregation. This phenomenunm waS much more 
pronounced at the upper section of the porous medium (see 


#23 in Figures 22, 23, and 24). 
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Figure 20 


Temperature Profile of 45° Down Dip Flood 


120 


49 


a utp fa oo Oe 
| toh bt pares. 4) 


= ee nwo bap ze 


50 


q = 
q.=0.145 | °0 236 
i ib/min 2 (19) aa 1b/min 


Run 19 
eae 100 psia 
x = 99 3% 
340 ey ae eae ee 
300 
260 
fy 
e 3) 
220 
p 
@ 
wv 
ci) 
& 180 
140 
100 
60 Oy, ae eee Naan Se Oe aoe. pe ee ee ee en eo ee 
0 20 40 60 80 100 120 140 160 


Elapsed Time, min 


Figure 21 


Temperature Profile of Horizontal Flood 
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Figure 22 
Temperature Profile of 10a Up Dip Flood 
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Temperature Profile of 30° Up Dip Flood 
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Temperature Profile of 40° Up Dip Flood 
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Effect of Injection Rate on Temperature Distribution for 
Inclined Porous Mediun 
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Figure eo demonstrates the temperature 
distribution after 14.4 lbs of steam was injected into 
a 10° up-dip-inclined porous medium at various 
injection rates. As illustrated in Figure 12, as the 
injection rate increases, the volumetric sweep 
efficiency by steam tends to increase. In the up-dip- 
inclined injection case, however, the volumetric sweep 
efficiency is not as much affected by the injection 
rate as in the case of the horizontal flood. From this 
result, it would be expected that for an up-dip 
injection, as inclination increases, the effect of the 
injection rate on the volumetric sweep efficiency was 
not as pronounced as was the case for a down-dip fiood 


or a horizontal drive. 


Even though the above experimental work has no 
direct field applicability, it still gives good 
information on the behavior of steam displacing water 
in a porous medium. These results could be applied to 
the problem of injecting steam into the water table 
during the early life of a tar-sands recovery project, 
or as a tertiary-recovery technique in a watered-out 


reservoir. 
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CONCLUSIONS 


An adiabatic linear circular model for the study of 


steamflooding was constructed and successfully tested. 


The experiment was conducted by injecting steam into a 
distilled-water-saturated core to study the effect of 
injection rate, injection pressure, quality of steam, 
location of injecticn port, and dip angle of the porous 
medium on the growth of the steam zone, the temperature 
distribution, and the total steam required to reach steam 
breakthrough and to heat up the entire porous medium to 


steam temperature during the flooding process. 


For the case of one-dimensional flow, the growth of the 
steam zone was principally related to the amount of the 
latent heat injected. The effect of the pressure and quality 
of the injected steam on the growth of the steam zone and/or 
temperature distribution was not significant over the range 


of steam pressures and qualities studied in this work. 


For the case of two-dimensional flow, however, the 
growth of the steam zone and temperature distribution were 
sensitive to the rate of injection and the location of the 
injection port, but were not much affected by the pressure 
and quality of injected steam. That is, in the cases of the 
lower injection port and the higher rate of injection, the 
volumetric sweep efficiency was higher. Even though no 
direct comparison with Baker's results can be made, the rate 


sensitivity of the volumetric sweep efficiency agreed with 
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The temperature distribution and the volumetric sweep 
efficiency during the steamflooding processes were affected 
Significantly by the angle of dip. The displacement 
efficiency of steam was more favorable for the down-dip 
floods, and gradually decreased in efficiency as the angle 
changed from a downward to an upward dip. Most of the 
injected heat tended to remain in the steam zone in the case 
of down-dip floods, whereas there was a significant amount 
of heat stored in the water zones in the case of up-dip 


displacements. 


The effect of the injection rate on the temperature 
distribution for the up-dip inclined porous medium was not 
as pronounced as was the case for the down-dip flood or 


horizontal drive. 


The theoretical calculation for predicting stean 
quality at the down-stream of the steam line was a_ reliable 
method as long as the physical properties of the tubing and 
insulation were adequately known. Among the various 
techniques investigated for estimating steam injection 
rates, the method of weighing the feed tank was the simplest 
and the most reliable one for this particular size of 


apparatus. 
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RECOMMENDATIONS 


The apparatus should be improved to allow direct 
control of the injection rate. This would avoid the 
inconvenience of. indirectly controlling the injection 
rate by adjusting the production rate. 


The study should be extended to provide for a higher 
pressure level of experiment by redesigning the core 
holder and the steam generator. Ideally, the core holder 
and steam generator should be designed to accomodate 
pressures and temperatures more representative of field 
conditions. 


The experiment should be extended to include an oil- 
Saturated core. 


A suitable mathematical study should be carried out 
based on the experimental results. 


The air or nitrogen in the feed water should be 
completely removed before being injected into the steam 
generator to ensure that there is no gas saturation 
within the core at any time during the experiment. 
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Pay thickness, ft 


Thermal conductivity of overburden and substratun, 
Btu/hr-ft-F 


Total length of steam line, ft 

Latent heat of steam, Btu/lb 

Steam pressure, psia 

Heat loss rate from the steam line, Btu/hr-ft 
Average steam injection rate, lb/min 

Average production rate, lb/min 

Initial or room temperature, F 

Steam temperature, F 


Fractional steam quality at the injection port of the 
core 


Fractional steam quality at the discharging point of the 
steam generator (=1.0) 
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APPENDIX A 


Steam Quality Calculation at Injection Port 


Steam quality at the injection port may be calculated 
from Equation (A-1): 
Ss en q,/L9; (R11) 


g 


where, x = the steam quality at the injection port 
of the core 


x = the steam quality at the discharge point 
J of the steam generator (=1.0) 


: Fl the heat loss rate from the steam line, 
Btu/hr-ft 


1 = total length of the steam line, ft. 


q.= the average mass flow rate of the stean, 
-  ibshr 
L = the latent heat of the steam at the average 


Y line tpresstre,s8tu/ib. 


cae, Lie and q, are known, q, mus t be known to 


Calculate x. 


The heat loss from the steam line consists of the heat 


transfer by radiation and heat loss due to the convection to 
the surroundings. 


Heat Loss by Radi on 


SS ae te Kadiat tion 


The heat transport by radiation can be written as: 


¥ -8 Nie 4 
q, = 0-1713x10 fans + 460) (tT, + 460) | 


(A-2) 
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where, es the neat loss nate) by radiation, Btu/hr-ft 


0.1713x10-8 = the Boltzman's constant, Btu/hr-ft2-RKR*4 


A = the exterior surface area, ft2/ft 

e = the emissivity. (=1 for the black body) 
Teurp the exterior sucface temperature, F 

a= the ambient temperature, F. 


Rearranging Equation (A-2), one can obtain: 


ma male 2 2 
2 0.17 15x16 Ae nee +¥ 460) 5 i (To 45 460) 


+ eee POO) Saal Teas 160)] sure ee! 


ae qd, = Ah, (T surf + a 


(A-3) 


eee es -8 2 2 
where, h_ = 0.1713x10 “e (teuret 460 + (7,+460)7| 


x (Pours 460) + (T,+460)| (A-4) 


= the heat transfer coefficient by radiation, 
Btu/hr-ft2-R). 


Heat Loss by Convection 


The convectional heat transfer may be expressed as: 


= a A-5 
Jo Ah, (Toure a) 
where, as the heat loss rate by convection, 
Btu/hr-ft 
h. = the heat transfer coefficient by 


convection, Btu/hr-ft2-R 
and is given by the Nusselt number* 


hod gB 1/4 
Cre 2 ‘ Cah 

Fue bs 0.53) Deco te ae Pa 
a Me 


* McAdams, W. H., Heat Transmission, McGraw-Hill Book Co., 


New York (1954), Third Edition. pp. 172-176. 
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(A-6) 
where, d = outside diameter of steam line surface, ft 
a thermal conductivity of air at Tayg’ Btu/hr-ft-R 
g = acceleration due to gravity (=4.17x108 ft/hr?2) 
a coefficient of volumetric expansion of air at 
— 1 
Tayg’ : 
V_= kinematic viscosity of air of ie (u_,/e.)» 
PES Tee hr vO ao 
ne dynamic viscosity of air at To Pp LO7ELANL;, 
(=2.42xc. p.) v3 
= 3 
Te density of the ae at’ “Lc avg’ TOsLEt 
Pr= Prandtl number (pala ) 
Be 
C = specific heat capacity of air at constant 
Ee pressure and T , Btu/lb-R 
avg 
ak = > sad ° 
avg Court athe 
At 18.7 psia, 
Kio 0.01328 + 2.471x10-ST - 4.247x10-9T2 
cS = 0.0771 —- 8.848x10-5T - 3.744x10-8 T2 
PR ee O2.04800° + 62955x10-ST = 1.220% 10-8T4 
Coat Oe2 302. .* Je 390C10- So + 15027 x10-8Te 
BL = U.002GR = 0275 Ri Rit 0. 169% 10-7 Te 
-0.148x10-10T3 
g = 4.17x108 
at Loss Rate 
Thus the total heat loss +o the surroundings, 
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heat conduction rate 
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wall and the insulation, 


Or, 2 = Ale crete) (A-7) 


where, q total heat loss rate, Btu/hr-ft 


U = overall heat transfer coefficient, 
Beu/ ne bts — 8 


elas a 1n(d_/d,) A 1n (d/d_) -l 
Tene ee wee Du Ke eee) 
ak tube ins az 
(A-8) 
where, d,= outside tube diameter, ft 
dj= inside tube diamter, ft 


Ktube= thermal conductivity of steam line 
tube, Btu/bo-Gt=fk 


neh = inside film heat transfer coefficient 
(3000-5000 Btu/hr-ft2-R) 
Cine = thermal conductivity of insulation, 


BEU ALSET CSR 


total diameter after insulation, ft 


Qu 
il 


ler) 
tH 


steam temperature, R 


T,= ambient temperature, R. 


Since h; and Keube ol large numbers, one might 


approximate U as: 


1 he 
U = E 2a ea ON — : (A-9) 
ins a) . 


Moreover for the bare tube: 


4 1 |-1 
Tis a, Clee 
Cc r ° 
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Since, q = AU (T <i ee (a-41) 
in(d_/d, : 
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(A-12) 
= overall heat transfer coefficient from 
the inside of tube to the exterior 
surface of the insulation, Btu/hr-ft2-R. 


Therefore, 


A-13) 
if = OL = ae ( 
surf Ss aU : 
The value of Tf f calculated from Equation (A-13) is 
sur 
compared with the measured value, and if the two do not 
agree within a few degrees, the physical properties, like 


Buber A, and/or T are adjusted until the result is 


surf’ 
satisfied. The final values of the properies are used to 
calculate the heat loss rate gq. Now Equation {A-1) is 


furnished for the calculation of steam quality at the 


injection port of the core. 


To test the accuracy of this calculation method, an 
adiabatic calorimeter was constructed for the comparison of 
the steam guality measured with the calculated steam 


quality. 


The calorimeter consisted of four thermocouples to 
measure the temperatures at the upstream and downstream end 
of the steam line and cooling water line, a calibrated high 
pressure gauge, a twenty-foot-long stainless steel cooling 
coil, a cooling water jacket, and four inches of insulation 
{styrofoam chips) surrounding the outside of the jacket. 
After steady state had been reached, temperatures at the 
inlet and outlet ends of the steam and cooling water lines, 


pressure at the inlet of the steam line and flow rates of 
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the cooling water and steam were measured. 
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The measured data were used in the following equations 


to calculate steam quality at the inlet of the calorimeter 


or at the end of the steam line: 
(cate of heat gain of the cooling water) 
+ 
(cate of heat loss to surroundings) 


= (rate of heat loss of the steam) 


(A-14) 

i (A-15) 

A Gl Te Tale 

Dae a5 [By tsi ra ae Coo!" 52 : 32)] ele) 

where, 

lec cate of enthalpy gain of the cooling water, 
Btu/lb-min 

ite = rate of enthalpy loss of the steam, Btu/lb-min 

dy = flow rate of cooling water, lb/min 

Tae flow rate of steam, lb/min 

DOF outlet temperature of cooling water, F 

ie inlet temperature of cooling water, F 

C, = average heat capacity of cooling water between 
inlet and outlet temperatures, Btu/lLh-F 

A Tec enthalpy of saturated water at steam 

’ temperature, Btu/lb 

x = steam quality at the inlet of the calorimeter, 
fractional 

L., = latent heat of steam at the inlet condition, 
Btu/lb 

Cait average heat capacity of steam condensate 


between outlet temperature of the steam 
condensate and 32 F, Btu/lb-F 


T, = outlet temperature of steam condensate, F. 
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Inserting Equations (A-15) and (A-16) into Equation 
(A-14) and setting the rate of heat loss to surroundings 
equal to zero - since it is an adiabatic calorimeter - and 
Sodving for x, one can obtain: 
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(A-17) 


To compare the results obtained from the calculated 
steam guality {Equation A-1), with the results obtained from 
the experimental test (Equation A-17), a 20-foot-long 
stainless steel tube was employed. The tube had an 0.18-inch 
inside diameter and a 0.25-inch outside diameter. The first 
9 feet of the tube was insulated with fibre glass tube 
insulator and the remaining length with asbestos tape. This 
resulted in an outside diameter of 2.5 inches over the 
entire steamline. In addition, the entire steamline was 


sheathed with aluminum foil to reduce radiation heat loss. 


The physical properties used in calculation were: 
Raikes to ee Oe 


Re chacraad = 0.130 Btu/F-hr 
e = 0.3 (emissivity of aluminum) 
h-= 3500 Btu/F-hr-ft?. 


al, 


Table A presents the experimentally determined steam 
quality and the calculated steam quality. The results were 


plotted in Figure A for comparison. As shown in Figure A, 
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the calculated steam quality agreed very well with the 
experimental results, indicating that the calculation method 
to determine steam quality at the injection port was 


reliable. 
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TABLE A 


Comparison of Steam Quality: 


TyiF ThogrF Toy/F TooF Pi,psia q,,,ib/min G,,ib/min 
61 100 295 70 65.45 3e2> 0.124 
60 116 288 72 58.9 32.25 OL 
60 145 264 1 40 3024 0.256 
60 85.5 297 69 67.5 ae 23 0.085 
60 67 298 70 68.6 3.24 0,032 
57 96 332 67 1G teh Se CO. 223 
57 130 328 69 105 3.24 0.224 
57 ol 382 70 224 3.20 ©5072 
58 22.5 390 69 Zor Sue Ovo? 
59 75 420 71 315 a 0.062 
58 LS2 420 76 oS Aah O25 
74 169 242 102 PAT | Sew 0.285 
64 16. 240 90 26 Se20 0.286 
63 158 242 88 27 S20 0.286 
63 154 256 80 35 3215 0.264 
61 E35 Zus ihe 50 B19 0.218 
59 #107 295 67.5 66 aie2 0.148 
60 93 300 67 gab 3.09 0.101 
59 69.5 300 70 71 Svo2 0.042 
59.25. 67 335 70 eS Sr 0.035 
59 90 339 66 ize Bao 0. 103 
59 a2 35 67 sabes o.37 One a 
59 129 S22 73 i ea 3y31 0.216 
59 150 328 72 105 335 0.23) 
59 182 BZ 85 84 3 fou 0.381 
62 2 367 a1 Lis 36:35 0.052 
60 95 366 68 aN 3.37 OF LL] 
60 105 367 67 nS Bash O,147 
60 22 S6y 70 Lis 3.43 0203 
60 Low. 365 ie: 169 a. 35 0.400 
60 a Ne 358 Aa 155 3.45 0.358 
* from Equation (A-17) - experimentally measured 


Measured vs. Calculated 


* 
x 


Exp 


0.884 
0.943 
0.934 
0.825 
0.527 
0.862 
0.915 
0.707 
0.898 
O99 
0. 20 
0.943 
0.946 
0.948 
0.945 
0.941 
0.904 
0. 899 
D.657 
Ors: Sek 
0.837 
D899 
0.932 
0.946 
OD .962 
0.634 
0.846 
0.876 
0.893 
04,929 
0.968 


** from Equation (A-l1) - theoretically calculated 
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APPENDIX B 
Comparison of Various Calculation Techniques 
for Injection Rate of Steam 
Four different methods were independently employed to 
measure the injection rate of steam. 


1. Standard Method (Material Balance Method) 


Making a material balance over the core as shown 
in following equation, the total injected steam for a 
run can be calculated: 
{weight of total steam injected) 
(weight of ae ctak water in the core) 
= (weight of total water produced) 
(weight of oe of water left in the 
core after the run) 


(B-1) 


The initial amount of water in the core is 
equivalent to the pore volume of the core. The final 
amount of water left in the core after a run can be 
determined from the difference between the initial 
amount of water in the core and the amount of water 
required to refill the core to 100 % saturation. This 
refilling can be easily achieved by allowing the core 
to cool for a certain time period, which generates a 
partial vacuum due to the condensation of steam, and 


then allowing water to imbibe into the core. 


Solving the above Equation (B-1) for the weight of 


the total steam injected and dividing it by the total 
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time for the run, one obtains the average injection 
rate of steam. 


2. Weighing Method 


The total amount of water supplied to the steam 
generator from the feed tank during the injection 
period may be measured by ascertaining the reduction in 
the weight of the water in the feed tank. The total 
reduction of the weight of the feed tank is divided by 
the given time interval to give an average production 
rate of steam during the given time interval. 


3. Power Rating Method 


The electrical energy input through the three 


phase electrodes can be calculated from the following 


equation: 
W = {3EIt joules or watts-sec (B-2) 
where, E = volts (=206 volts on average) 
I = amperes (read from an ammeter) 
+ = seconds (cumulative heating time) 
or WwW (1 Btu/1055 joules) (1.732) (206) (60) It 


ii 


Zsa Le) Ba 
(B-3) 


where, ¢ = minutes. 


The net electrical heat utilized may be calculated 


from following equation: 


{net electrical heat utilized) = (electric heat input} 


- {heat loss of steam generator 
to surroundings) 
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(B-4) 


To evaluate the heat loss of the steam generator to the 
surroundings, the steam generator was set for various 
pressures, without introducing feed water into it and with 
no production of steam from it. Measuring the average 
current and the cumulative heating time, the total heat loss 
was calculated from Equation (B-3). The total heat loss may 
be divided by the total time elapsed for the test to give 


the average heat loss rate. 


Table B-I shows the experimental calibration data for 
heat loss from the steam generator, and the results are 


presented in Figure B-1. 


At the steady state of the steam generator, the sum of 
the net electrical heat utilized and the enthalpy introduced 
by the injection of feed water is the same as the enthalpy 
out due to the production of 100 % steam at the given 
condition of the steam generator, i1.¢., 

(net electrical heat utilized) = {heat out due to the 
production of 100 % steam 
at given generator 
condition) 

-~{enthalpy introduced by 
the water injected into 


the steam generator) 


(B-5) 


The enthalpy introduced by the feed water into the 
steam generator can be obtained from the following 


Equation (B-6): 
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' TABLE B-I 


fie, 


Calibration Data for Heat Loss of Steam Generator 
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14 
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a* 


124 


165 


Wo=) 20 229 1est; Btu 


Wioss” W/T 


I, amp 


50 
106 


94 


cumulative heating time 


total elapsed time for the test 


Btu/min 
C min T, min 
20.40 300.24 
Paes 210530 
41.24 661.49 
38.30 686.70 
42.24 794.53 
48.90 1,001.42 
48.74 966.54 
Sy LeU 
4915 940.61 
44.84 864.34 
54.76 1,025.40 
53.29 1,034921 
J ielOn hy wOOmos 
Zeek ° 394.80 


Niece Btu/min 


68.93 
104.87 
77.80 
79.22 
78.74 
91.15 
86.97 
100.10 
77.40 
77.37 
VAT 
64.00 
96.22 
122213 
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He = C,(T-32) (weight of feed water) (B-6) 
where, H = enthalpy of entering water, 
W 
Btu 
a = average heat capacity of water 


between T and 32 F, Btu/lb-F 


T = temperature of injected water, 
PF 


weight of feed water = obtained 
from 
ascertaining 
the reduction 
of the weight 
of the feed 
tank. 
Combining Equations (B-4) and (B-5) and solving 
for heat out due to the production of 100 % steam at 
the given condition of the steam generator, the amount 
of steam generated can be calculated. The average 


injection rate of steam then can be obtained from the 


following equation: 


. = -7 
q; Ho sh, /t (p= 7} 
where, 
Ty = average injection rate of steam 
(= average production rate of 
steam), lb/min 
H = total heat out due to the 100% 
P steam generation, Btu 
h = specific enthalpy of 100 % stean, 
Si) @atuslb 
t = total elapsed time of interest, 


* Notations in this section may be obtained from any 
thermodynamic textbook. 
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The force-momentum balance equation can be 
expressed as: 


Yap) +) a7 Pou edu/ 9.) to ce at Ge =i ae (B-8) 


while the first law of thermodynamics can be written 


Al # Avi + Aue/2g. = O0— we = (B-9) 


If there is no shaft work and no friction loss, 
and if the potential energy term is negligible, 
Equation (B-8) becomes: 

-vy dp = u du/g, (B-10) 
Fucther, if the system is adiabatic, Equation (H-9) 
becomes: 


-dH = u du/gq .-» (B-11) 
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Integrating Equations (B-10) and (B-11), one can 


obtain: 
j 2 2 3-12 
= Vey are ts ed (B- V2) 
2 1 a 
124 
L 
and Zn = eae (B13) 
AH (u, uy) /2g,, i: 
However, 
-T. 
- AH=- Chaat (B- 14) 
p 
mk 
and furthermore for an ideal gas, 
- db 
2 as k 
7 oS aT = maaey F R(T) - T.) 
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(B- 15) 
trom the relationship: 
pyk = Bais = constant (B- 16) 


wrene” k 72 :@ 17C ice 
|G ee 


From the eguations (B-12) through (B-15), one can 


obtain: 
2g KP. V Pe kek 
us = us + = le - (*) k (B-17) 
k-1 LE 
But uy = 0 for the Pitot tube, and e = Vee then 
Equation (B-17) becomes: 
‘2g P ok Pe aL 5 
> Cae Tee a 


For the steam k = 1.305* and adding the friction 


coefficient to Equation (B-18): 


aig ae 
Or u, = Cy (B-19) 
where, 2g uk 
Cc 
C.2=V¢ 
1 Oo 


k-1 
* arbitrarily chosen; k= 1.3 with Smith, J.M. 
H.-C., Introduction to Chemical Engineering Thermod 
McGraw-Hill Book Co., New York, (1975), Third Editioh, 
pe-469, and k=1.329 with Van Wylen, G.J. and Sonntag, R.E., 
Fundamentals of Classical Thermodynamics, John Wiley and 
Sots, Inc., New York, (1965), p.600. 
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To convert the linear velocity, wu ft/sec, to mass 
flow rate, qs lb/min, Equation (B-19) should be 
multiplied by 

(A CeO lb/ft?) (60 sec/min) 


and becomes 


Cas Cc (B-20) 
where, 
2 ok 
Ce= (CoA) (60) (a constant) 
2 re) ay 
P. = impact pressure, lb /ft? 
(or expressed as Ps in some 
equations) 
Py = local static pressure, lb /ft? 
(or expressed as Pe in sone 
equations) 
se = steam density at P,, lb/ft?. 


Equation (B-20) is a straight line with a slope of 


E 
2,0.234 
C, when OP & - 1 is taken as the 


x-coordinate. 


A Pitot tube flow meter consisting of 1/4-inch and 
1/8-inch tubes for the flow of steam and for the impact 
pressure tip, respectively, was constructed. The 
differential pressure between the local and the impact 
pressures was monitored by a calibrated 25 psid 
pressure transducer and the voltage drop was recorded 
on a strip chart recorder. P, also was measured by a 


calibrated 500 psid pressure transducer. 


Table B-II presents the experimental calibration 
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data and these data were plotted in Figure B-2 to 


determine the slope of the calibration equation. 


As shown in Table B-II and Figure B-2, two sets of 
experiments were conducted; for the first 12 runs steam 
was passed through the core and condensed to reasure 
the actual flow rate, and for the second set steam was 
bypassed before entering into the core, condensed and 
collected in a graduated cylinder for the measurement 


of flow rate. 


Both equations, which were obtained on the basis 
of the two different sets of measurement, were tested 
to predict the flow rate of steam. Even though the 
straight line obtained from the set of measurements for 
the first group does not pass the origin of the x-y 
graph in the calibration figure, it was found that the 
equation obtained from the first set of data had better 
agreement with the actual flow rate of steam which was 


determined by the Standard Method mentioned earlier. 


Table B-III presents a comparison of the various 
calculation techniques for the measurement of steam 
injection rate into the core. As shown in that table, 
the weighing method was the most reliable one and the 
Simplest one as well. The power-rating and Pitot-tube 
methods had some occasional large deviations, 
indicating that a careful experimental technique is 


needed: however, in general, these methods still are in 
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‘TABLE B-II 


Calibration Data for the Pitot Tube Flow Meter 


* kk 
Run P, ,psia Ap, psid W, gm ty min q,. Lb/main Xx 
Set 1; steam passeg through the core 

ar 293 565 19 40 (es O565 Spee ny 

2 298 475i 2000 9.16 0.481 0.788 

3 165 Seay) 2000 EON) Oooo 02675 

4 166 4.64 977 6435 0.340 0.631 

5 168 1.87 1000 P00 0.200 0.404 

6 110 3.56 1000 Bi 05257 0.454 

ii 113 2e27 1490 tig Ret Sy 8] O. 187 0.368 

8 Daly! 0.767 502 B280 0.086 D245 

9 15 0.370 78 8.28 0.0207 0.150 
10 El O2387 190 Poe 0.0549 0.153 
Li 66.5 1.95 648 10.00 0.142 0,263 
12 68.5 OV 719 220 10.00 0.0485 0.162 


Set 2; steam bypassed 


13 64.5 4.32 1520 14.40 OP232 0.383 
14 67.5 3843 1700 19220 0.196 0.335 
15 69.5 152 412 6.78 0133 0.238 
16 69.5 0.577 248 6.54 0.0835 0.146 
iG; 112 0.393 400 10.10 0.0873 0.152 
18 112 V2 653 10.00 0.143 0.246 
19 LiL 1.98 890 10.00 0.196 0.341 
20 108 Cycle 1210 10.00 0.266 0.441 
On 106 4.97 1430 10.00 0.316 0.525 
Jo Lou 6.33 2000 10.00 0.442 0.725 
23 161 4.28 1640 10.00 0.361 0.597 
24 163 2.89 1340 10.00 0.295 0.494 
25 165 1.64 1000 10.00 0.220 0.375 
26 167 0.377 468 10.00 0.103 0.181. 
27 213 0.400 571 10.00 0.125 0.209 
28 aii: 1.60 1110 10.00 0.245 0.417 
29 209 3.35 1630 10.00 0.359 0.600 
30 208 4.66 2010 10. 20 0.431 0.705 
* q = W/(453.6t) e 
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TABLE B-~IITI 


COMPARTSON OF VAPTOUS CALCULATION TECHNIQUES OF 


RUN DATE STANNARD® — WEIGHING 
(LB/M) (LB/M)(PEC.DFV.) 
1 09/07/76 0.107 0.1098 1.6 
2 17/06/76 0.151 0.146 -3.0 
4 23/06/76 0.251 0.225 -10.1 
5 25/06/76 0.135 0.127 -5.3 
6 26/06/76 0.156 0.164 4.9 
7 28/06/76 0.169 0.152 -10.2 
8 29/06/76 0.133 Moise. Oak 
9 30/06/76 0.135 0.134 -0.5 
10 02/07/76 0.142 0.141 +) .3 
11 =03/07/76 0.139 0.139 -0.0 
12 05/07/76 0.156 0.154 ~1.3 
13 06/07/76 0.200 0.204 1.9 
14 07/07/76 9.233 0.232 ~0..2 
15 08/07/76 0.267 0.273 2.0 
16 09/07/76 0.261 0.254 206 
17 10/07/76 Ow 27 0.299 8.0 
18 11/07/76 0.219 0.226 344 
19 23/07/76 0.144 0.144 -0.0 
20 24/07/76 0.177 0.179 1.4 
21 25/07/76 0.209 On222 6.3 
22 26/07/76 0.254 0.268 5.5 
23 27/07/76 0.256 0.253 -1.4 
24 28/07/76 0.296 0.299 hol 
25 29/07/76 0.265 0.279 5.2 
26 30/07/76 0.160 0.160 0.0 
27 31/07/76 0.257 0.263 2.4 
28 01/08/76 0.319 0.322 Le@ 
29 02/08/76 0.207 0.210 Aa 
30 03/08/76 Dg37/ 0.219 lol 
31 04/08/76 O58 On divs 9.6 
32 05/08/76 ORMAG) ~ Oa aS 2.8 
33 06/08/76 0.147 0.154 4.8 
34 07/08/76 0.149 0.151 Naz 
35 08/08/76 0.194 0.198 Zell 
36 09/08/76 0.185 0.195. 5.2 
37 10/08/76 0.152 0.151 -0.1 
38 11/08/76 0.132 Oma -0.3 
39 12/08/76 0.167 0.172 2.9 
40 13/08/76. 0.155 0.163 5.3 
41 14/08/76 0.159 0.157 -0.8 
42 15/08/76 0.385 0.388 OnT 
43 16/08/76 0.166 9.162 -2.7 
44 17/08/76 0.283 0.283 0.1 
45 18/08/76 0.104 0.105 0.8 
46 19/08/76 Oei22 0.121 -1.1 
47 20/08/76 0.140 0.139 -0.7 
48 21/08/76 0.103 0.103 0.0 
49 22/08/76 0.167 0.144 -1.6 
50 23/08/76 0.171 0.1468 -1.2 
51 24/08/76 0.166 0.165 -0.7 


* by the material balance of the core 


INJECTION RATE OF STEAM 
POWER RATING PITOT TUBE PRODUCTION 
(LB/M)(PEC.DEV.) (LB/M) (PEC. DEV.) (LB/M) GPH 
0.000,, 0.0 0.093 -12.9 04236 1.704 
0-000, , 0.0 0.138 -3.6 04360 2.595 
0.000, , 0.0 0.181 -4.3 0.484 3.4RG 
9.000 0.0 Ole 2 232. Seb 0.604 4.354 
0.129 -4.2 0.107 -20.4 0.358 2e5TR 
0.156 =0\.2 0.156 0.0 0.357 ALLS 
0.206 oe5 0.195 15.1 0.359 20587 
(Oe kes 052) 0.140 5.26 0.358 2265R3 
0.133 ~1.6 0.144 602 0.356 2.545 
0.144 Lea 0.144 Wes th 0.361 226603 
0.140 (OB) 0.144 35 0.359 2.588 
0.158 tend: OnkS5 -0.6 0.234 1.688 
0.213 6-3 0.200 -0.1 0.359 225286 
0.237 Ziel 0.230 =O 28 0.485 3.493 
0.279 4.2 0.262 -2.0 0.612 424N6 
0.282 7.8 0.243 =e ll 0.358 22.5284 
0.271 2.0 0.288: 3.8 0.358 2-582 
0.211 -3.5 0.235 A's 0.359 2.591 
0.119 -17.7 0.142 -1.5 0.235 1.695 
0.157 -10.9 0.175 -0.8 0.356 2.5465 
0.190,, -8 .8 0.208 -0.4 0.483 3.420 
0.000 0.0 0.205 -19.2 0.627 4.5270 
0.213 ~16.7 0.228 lee) 0.357 Parees ths | 
0.270 -8.6 0.280 -%.2 0.356 2065A5 
0.263 -0.8 0.267 Owe 0.355 22556 
0.187 16.6 0.162 0.9 0.232 1.670 
0.248 -3.1 0.260 leo 0.481 32468 
0.342 Uok 0.318 -0.4 0.607 4.370 
0.209 0.9 0.202 -2.8 0.356 2.545 
0.220 1.6 Ona 0.2 0.355 2-540 
0.155 -l.7 0.166 4.8 0.355 2-5AlL 
0.149 —6.9 0.159 -0.8 0.356 22545 
0.148 -0.6 0.148 -0.4 0.355 22.54h2 
0.192 -0.9 0.188 -3.4 0.481 3.445 
0.186 0.6 0.191 3.0 0482 3.476 
0.139 -7.8 0.149 eal 0.229 1.650, 
0.127 =3.5 0.127 -3.6 0.230 1.659 
0.157 =e) 0.164 -1.8 0.229 1.652 
0.150 -3.0 0.154 -0.8 0.204 1.469 
0.151 -4.8 0.155 -2.3 0.201 1.450 
0.382 —0.9 0.379 -1.6 0.658 4.741 
0.155 =6.7 0.161 =2.9 0.216 1.540 
0.284 0.3 0.266 -5.8 0.368 2-651 
0.097 -6.6 0.101 -2e1 0.188 1.358 
0.119 -2.9 0.115 -5.6 0.192 1.383 
0.143 1.8 0.132 -5.6 0.206 1.489 
0.097 “6.2 0.097 -5.7 0.130 0.942 
0.152 -9.1 0.150 -9.7 0.219 1.578 
0.168 -1.4 0.174 le? 0.204 1.4A9 
0.159 -4.0 0.175 5.2 0.194 1.397 
** not measured 
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